Target Of Rapamycin complex 2 (TORC2) is a conserved protein kinase that regulates multiple plasma 18 membrane (PM)-related processes including endocytosis. Direct, chemical inhibition of TORC2 arrests 19 endocytosis but with kinetics that are relatively slow and therefore inconsistent with signaling being 20 mediated solely through simple phosphorylation cascades. Here, we show that, in addition to 21 regulation of the phosphorylation of endocytic proteins, TORC2 also controls endocytosis by 22 modulating PM tension. Elevated PM tension, upon TORC2 inhibition, impinges on endocytosis at two 23 different levels: first, by severing the bonds between the PM adaptor proteins Sla2 and Ent1 and the 24 actin cytoskeleton; and, second, by hindering recruitment of Rvs167, an N-BAR-containing protein 25 important for vesicle fission, to endocytosis sites. These results underline the importance of 26 biophysical cues in the regulation of cellular and molecular processes. 27 42
Introduction 28
Endocytosis is the process by which eukaryotic cells internalize material and information from their 29 environment, and recycle plasma membrane (PM) lipids, trafficking proteins and cell-surface 30 receptors. Membrane remodeling by a well-established sequence of protein complexes (Fig 1) is 31 essential to form endocytic buds that will internalize material (Kaksonen and Roux, 2018) . Thus, the 32 PM can be considered as a core part of the endocytic machinery. It is now broadly accepted that 33 physical forces, in particular PM tension, participate in the regulation of the balance between 34 exocytosis and endocytosis in various systems (Dai and Sheetz, 1995) (Gauthier et al., 2012) . 35
Functioning in a homeostatic feedback loop, the opposing effects of endocytosis and exocytosis on 36 PM area enable cells to keep tension close to a set point (Apodaca, 2002 ) (Morris and Homann, 2001) 37 (Fernandez-Sanchez et al., 2015) . Additionally, PM tension was shown to regulate specific steps of 38 the endocytosis process, including clathrin pit formation by varying the membrane budding energy 39 (Boulant et al., 2011) (Saleem et al., 2015) , and membrane fission by dynamin (Morlot et al., 2012) . 40
These tensile forces, depending on the geometry of the bud, constitute either a basal obstacle that the 41 cell machinery has to counteract, or a driving force in order to reshape the PM and form the endocytic 3 factor receptor identified alleles of TOR2 and YPK1, which encodes an AGC-family kinase and direct 55 substrate of TORC2, (deHart et al., 2002; deHart et al., 2003) . The characterization of TORC2 56 signaling outputs affecting endocytosis was facilitated only recently with the development of chemical-57 genetic approaches to specifically and acutely inhibit this complex (Gaubitz et al., 2015; Rispal et al., 58 2015) . This revealed that TORC2 regulates endocytosis both through rapid phosphorylation cascades 59 largely mediated by the phospholipid flippase kinases Fpk1 and 2 (Rispal et al., 2015) (Bourgoint et Independently, we recently demonstrated that TORC2 is a key player in the maintenance of PM 63 tension homeostasis (Berchtold et al., 2012; Riggi et al., 2018) , prompting us to speculate that the 64 slower route through which TORC2 regulates endocytosis involves its control of PM tension. Here, we 65
show that this is indeed the case. Inhibition of TORC2 leads to a gradual climb in PM tension, and 66 once a critical threshold is passed, the bonds between the endocytic adaptor proteins and actin 67 filaments fail and coat protein internalization ceases. These phenomena are suppressed if membrane 68 tension is artificially reduced and mimicked if tension is elevated through orthogonal approaches. 69
Results

81
TORC2 inhibition induces the appearance of actin comet tails and the clustering of endocytosis 82 sites 83
Gradual depletion of TORC2 activity has long been known to lead to an eventual blockade of 84 endocytosis in yeast (deHart et al., 2002; deHart et al., 2003) . As endocytosis-related proteins are 85 recruited to, and dissociate from, the budding site in a precise and well-orchestrated order (Kaksonen 86 et al., 2005) , we can use them as an internal temporal ladder to study endocytosis dynamics. Here, 87
we followed, as kymographs, the residency times of the actin-binding protein Abp1 at the PM, together 88 with either the coat protein Sla1 or the fission-regulating protein Rvs167 (Fig 2A, B ). When we 89 analyzed single endocytic events, we found that in mock-treated cells, consistent with previous results 90 (Kaksonen et al., 2005; Kukulski et al., 2012) , all proteins localized to punctate cortical foci. Sla1 91 resided at an endocytic patch for ∼30-40 sec, Abp1 was recruited for a total of ~20 sec, with a ∼10 92 sec overlap with Sla1. Rvs167 was in turn recruited for ~10 sec, and disassembled shortly before 93 Abp1, as the patch budded into the cytoplasm, representing completion of a successful endocytic 94 event ( Fig 2C and Supplementary movies 1 and 2). Acute chemical-genetic-inhibition of TORC2 95 we noticed that we could observe a significant increase in the lifetime of the protein patches only after 109 30min ( Fig 2D-F) . The same amount of time was necessary to observe a significant amount of cells 110 displaying clustered endocytosis sites and a "comet tail" phenotype ( Fig 2G) . Notably, the decrease in 111 intensity of Rvs167 foci was already observable after 15 min, suggesting that it is not a consequence 112 of the blockade of earlier endocytosis steps. These relatively slow kinetics are difficult to explain based 113 solely by changes in protein phosphorylation which occur much faster. 6 travel along the actin comet tails marked with Abp1, but rather remained at the PM with the nonmotile 135 Sla1 patches ( Fig 3A-B ). Sla2 was similarly progressively blocked at the PM upon TORC2 inhibition, 136 and also did not colocalize with actin comet tails ( Fig S2) . 137
These observations suggest that the PM/cytoskeleton uncoupling phenotype linked to TORC2 138 inhibition is due to defects in the link between the adaptor proteins and the actin cytoskeleton, and not 139 between the adaptor proteins and the PM. 140
141
The actin comet tail phenotype associated with TORC2 inhibition is due to increased PM 142 tension 143
The slow and progressive appearance of clustered actin comet tails amongst a population of cells 144 suggests that it is unlikely only due to an inhibition of discrete phosphorylation cascade downstream 145 of TORC2. We rather hypothesized that it is the consequence of the increase of PM tension that 146 follows TORC2 inhibition (Riggi et al., 2018) . This parameter can now be easily evaluated by 147 To test this assumption, we investigated whether increased PM tension induced through orthologous 151 means could trigger a similar phenotype. We recently demonstrated that osmotic shocks can be used 152 to manipulate PM tension in yeast (Riggi et al., 2018) . As WT yeast cells adapt within a few minutes 153 to a hypo-osmotic shock, we used FPS1Δ cells that cannot efficiently export the osmo-protectant 154 glycerol (Beese et al., 2009)indeed, upon hypo-osmotic shocks their PM tension does not increase 155 significantly more than in WT cells, but is slower to recover ( Fig S3A) . As hypothesized, a hypo-156 osmotic shock induced the formation of actin comet tails anchored to a blocked endocytic site marked 157 by a non-motile Sla1 patch ( Fig 4B and supplementary movie 5) , and the clustering of endocytosis 158 sites ( Fig 4C) . 159
A hypo-osmotic shock also mimicked the defects in Rvs167 recruitment at the PM ( Fig 4D, E and  160 supplementary movie 6), and the foci that still formed after the shock were on average half as bright 7 ( Fig 4F) . These phenomena were similar to those observed upon TORC2 inhibition but differed in one 162 important regard: they were manifest within seconds of treatment (in contrast to the 15-30 minutes 163 required following TORC2 inhibition). 164
Conversely, we examined whether the uncoupling phenotype caused by TORC2 inhibition could be 165 rescued by artificially decreasing PM tension through Palmitoylcarnitine (PalmC) treatment (Riggi et 166 al., 2018) . Although the lifetime of the endocytic patches at the PM remained on average longer than 167 in control cells -likely because TORC2 also regulates endocytosis through other pathways (i.e. 168 phosphorylation cascades) which are still affected -PalmC addition triggered the restart of all frozen 169 endocytic events, and induced the disassembly of the actin comet tails and the redistribution of 170 clustered endocytic patches ( Fig 4G and supplementary movie 7 ). This suggests that these latter two 171 features are controlled by TORC2 via PM tensionwhereas the elongation of the patch lifetime is 172 likely also influenced by the downregulation of related phosphorylation cascades. 173
In accordance with a previous study which could rescue endocytosis defects with hyper-osmotic 174 shocks in various mutants, but not in SLA2Δ cells, (Basu et al., 2014) , PalmC treatment did not rescue 175 the uncoupling phenotype due to SLA2 deletion ( Fig 4G) . As SLA2Δ cells do not exhibit a particularly 176 high PM tension under basal conditions and still exhibit a decrease of PM tension upon PalmC 177 treatment ( Fig S3B) , we hypothesize that, in this case, the phenotype is rather due to the complete 178 loss of the physical link between the PM and the cytoskeleton. Consistently, Ent1 has been shown to 179 require Sla2 to stably bind to the PM (Skruzny et al., 2012; Skruzny et al., 2015) . 180
Decreasing PM tension through PalmC treatment could also partially rescue the defects in Rvs167 181 recruitment ( Fig 4H and Supplementary movie 8) ; even if the residency time of the patches was still 182 longer than in basal conditions ( Fig 4I) , they became, within a few seconds, more than twice brighter 183 ( Fig 4I, J) . 184
Together, these observations demonstrate that both PM tension increase (caused by TORC2 185 inhibition) and the loss of the connecting bridge between the PM and the actin cytoskeleton, trigger 186 PM/cytoskeleton uncoupling. Moreover, they confirm the importance of the level of PM tension for an 187 efficient recruitment of Rvs167. 188 link to the cytoskeleton 190
We hypothesized that if PM tension becomes too high then the bonds between the PM and adaptor 191 proteins and/or adaptor proteins and actin filaments might be unable to support the force necessary 192 to invaginate the membrane. To test this idea, we wondered whether weakening the link that couples 193 the PM and the cytoskeleton would result in a faster appearance of the actin tails upon TORC2 194 inhibition. Single deletions of ENT1 or ENT2, which encode epsin homologs, does not cause any 195 obvious phenotype (Wendland et al., 1999) , however it might be enough to destabilize the connection 196 between the PM and the cytoskeleton. When we followed the evolution of PM tension upon TORC2 197 inhibition in ENT1Δ cells, we could not detect any significant difference compared to WT cells ( Fig 5A) . (Rispal et al., 2015) . Here, we confirmed that 218 some of the endocytic defects observed in TORC2-inhibited cells, specifically the recruitment of 219 Rvs167, and the uncoupling between the PM and the cytoskeleton, are due to an increase in PM 220 tension. More precisely, the latter phenomenon is the consequence of the breakage of the connecting 221 bonds between the adaptor proteins and actin filaments upon increased tension ( Fig 5E) . This 222 underlines the importance of biophysical cues in the regulation of cellular and molecular processes. 223
Notably, the defect in Rvs167 recruitment to endocytic foci appears faster than all the other 224 phenotypes, whereas the kinetics of the increase of its residency time is similar to other proteins. This 225 suggests that TORC2 might impinge on this process through an additional pathway in parallel to the 226 increase in PM tension. Indeed, Rvs167 binding to the PM is known to be sensitive to PM biophysical 227 We observed that the PM tension has to reach a threshold, and maintain it for an amount of time, 231 before the actin cytoskeleton uncouples from the PM. This threshold can be seen as the maximum 232 force that the link between the adaptor proteins and the cytoskeleton can withstand. This threshold 233 can be artificially decreased by weakening this connection, for example through ENT1 single deletion. 234
The adaptors Sla2 and Ent1/2 constitute a physical bridge between the PM and the actin cytoskeleton, as the uncoupling phenotype is largely rescued by an artificial decrease of PM tension induced by TORC2-related downregulated phosphorylation cascade. Interestingly, it seems that the biophysical 243 cue of increased PM tension can be transmitted through the adaptor proteins, as it affects rather their 244 binding to the actin cytoskeleton than to the PM. 245
Another striking phenotype associated with TORC2 inhibition is the clustering of the endocytosis sites. 246
It could also be recapitulated by increasing PM tension through orthologous means, and conversely 247 rescued by decreasing PM tension, suggesting that here again increased PM tension is the direct 248 cause of the clustering. We can hypothesize that the assembly of a first endocytosis patch facilitates 249 the assembly of more patches in its vicinity by modifying the biophysical properties of the PM locally. 250
Together, these observations suggest that the uncoupling phenotype can have (at least) two different 251 causes: the deletion of the genes encoding the proteins that connect the PM to the cytoskeleton, or 252 an increase in PM tension; only the latter also induces the clustering of the endocytosis patches. 
Yeast strains and plasmids 268
All strains used in this study are listed in Supplementary Table 1 . Yeast strains were generated either 269 by homologous recombination of PCR-generated fragments as previously described or by crossing, 270 sporulation and subsequent dissection of the spores. All plasmids and primers used for the generation 271 of the strains are listed in Supplementary Tables 2 and 3 The acquired image series were background subtracted and corrected for general photobleaching. 309
Final image processing and analysis were done using ImageJ. 310
For FLIM analysis (Fig. 4A, Fig S3A-B, Fig 5A) , we used the SymPhoTime 64 software (PicoQuant) 311 to fit the data according to a 2-exponential reconvolution model and calculate the lifetime of the Flipper-312 TR probe. 313 314
Statistics and reproducibility 315
The sample sizes and statistical tests were selected based on previous studies with similar 316 methodologies. All experiments were repeated at least three times, giving similar results. The results 317
of independent experiments are presented as mean values; error bars represent the SD, or the 318 propagated error when the value of each experiment was itself calculated as a mean of individual 319 cells. Statistical significance was tested using the two-tailed Student's t-test. 320 
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